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Abstract 

Massive degeneration of the basal forebrain cholinergic cells is one of the major 
histopathological changes of Alzheimer's disease (AD). The degeneration leads to 
Acetylcholine (ACh) deficits in the cortex and hippocampus. AD disease severity was 
negatively correlated with ACh expression. We conducted neuronal transplantation 
with cells derived from Human Induced Pluripotent Stem (hiPS) cells into the bilateral 
hippocampi of human amyloid precursor protein transgenic AD mice. The transplantation 
significantly improved cognitive dysfunction in the mice. 

Transplanted neurons differentiated further in the host cortex into human Choline 
Acetyl Transferase (ChAT)+ cholinergic neurons. In the hippocampus, the grafted cells 
preferentially differentiated into human vesicular GABA transporter (VGAT)+ cells. We 
suggest that transplanted neurons may compensate for neurotransmitter loss associated 
with AD lesions. 

In this review, we summarize current topics of neurotransmitter system perturbation of 
AD pathology. We would like to emphasize the importance of GABA/GABA receptor (GABAR) 
circuits as well as ACh/ACh receptor (AChR) pathways in the hippocampus reconstituted by 
the transplantation. 
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Introduction 

Human Induced Pluripotent Stem (hiPS) cell transplantation therapy for a degenerative 
eye disease has been reported [1]. Thereafter, the treatment has become to receive much 
attention for its potential to rescue the impaired cellular functions of various neurological 
disorders, including cognitive dysfunctions in patients with Alzheimer's disease (AD). 

We previously transplanted hiPS cell-derived neuronal cells into the hippocampus in AD 
model mice [2,3]. The cell transplantation significantly improved cognitive dysfunction in 
the mice. The transplanted neurons differentiated into cholinergic and GABAergic neurons 
predominantly in the cerebral cortex and hippocampus, respectively. The characteristic 
human neuron distribution in the mouse brain may be partly due to the microenvironments 
of the AD lesions, including secretion of chemokines and growth factors, leading to neuronal 
cell activation/migration. 

It is well known that cholinergic neurons which secrete acetylcholine (ACh) play 
important roles in learning and memory functions. The activity of cholinergic neurons and 
their Ach production are down-regulated in patients with AD [4,5], and down-modulation 
of alpha7 nicotinic ACh receptor (alpha7 nAChR) has been reported as one of the hallmarks 
of AD [6]. 

On the contrary, previous studies of GABA expression in AD were inconsistent. Several 
researchers have reported that the hippocampal GABAergic system was resistant to the AD 
pathology to some extent [7]. 

We here focus on neurotransmitter secreting neurons derived from hiPS cells and 
respective receptor-expressing neurons in the hippocampus of grafted AD model mice. It is 
possible that the neurotransmitters secreted by the grafts are involved in the functional and 
morphological improvements of mice after the transplantation. 

Ach and GABA in the AD hippocampal formation 

Basal forebrain cholinergic cells provide the cholinergic projections to the cerebral 
cortex and hippocampus. Progress has been made in research into the neuropathology 


Article Information 


DOI: 

10.31021/jnn.20181103 

Article Type: 

Review Article 

Journal Type: 

Open Access 

Volume: 

1 Issue: 2 

Manuscript ID: 

JNN-1 -103 

Publisher: 

Boffin Access Limited 

Received Date: 

November 01,2017 

Accepted Date: 

November 27, 2017 

Published Date: 

January 05, 2018 


^Corresponding author: 

Noboru Suzuki 

Department of Immunology and Medicine 
St. Marianna University School of Medicine 
2-16-1 Sugao, Miyamae-ku 
Kawasaki, Kanagawa 216-8511, Japan 
Tel: +81-44-977-8111 (ex 3547) 

Fax. No: +81-44-975-3315 
E-mail: n3suzuki@marianna-u.ac.jp 


Citation: Suzuki N, Shimizu J, Takai K, Arimitsu N, 
Suzuki T, et al. Cellular and Molecular Mechanisms 
Governing Functional Recovery of Dementia Mice 
after Neuronal cell Transplantation.J Neurosci 
Neurosurg 2018 Jan;l(2):103 


Copyright: © 2018 Suzuki, et al. This is 
an open-access article distributed under the 
terms of the Creative Commons Attribution 4.0 
international License, which permits unrestricted 
use, distribution, and reproduction in any 
medium, provided the original author and source 
are credited. 


J Neurosci Neurosurg 


Volume: 1.2 







Journal Home: https://www.boffinaccess.com/journals/journal-neuroscience-neurosurgery/index.php 


BoPfin Access 


of cells and nucleus basalis of Mynert in patients with AD. The cell 
complex is suggested to be divided into four groups, termed Chl-Ch4, 
based on anatomical features, such as nucleus size, neural density, 
acetylcholinesterase immunoreactivity, and the innervation area [8]. 
Chl/Ch2 (medial septal nucleus/vertical limb of the diagonal band 
nucleus) projects to the hippocampus, whereas Ch3 (horizontal limb 
of the diagonal band nucleus) projects to olfactory bulb. 

The Ch4 group is the largest out of the four cholinergic neuron 
groups and corresponds well with large parts of nucleus basalis 
of Mynert. The most AD affected region was the posterior part of 
Ch4 group, and the innervated superior temporal and temporal 
polar neural loss correlated well with memory loss and language 
impairment of AD [8,9]. In contrast, AD neurons of Chl/Ch2, where 
the projection lead to the hippocampus, exhibited only modest 
degeneration compared with age-matched control individuals 
[ 10 , 11 ]. 

The Chl/Ch2 complex, which mainly innervates the CA2/CA3 
regions of the hippocampus [12], plays an important role in learning 
and memory [13]. Alpha7 nAChRs are expressed densely in GABAergic 
hippocampal interneurons [14], whose signals are modulated by 
cholinergic axons [15]. The most distinctive AD associated neural loss 
was observed in the CA1 region of the hippocampus [16]. 

One of the major pathological features of AD is the substantial 
reduction of cortical cholinergic markers, such as ChAT and 
acetylcholinesterase [17]. Distinct nAChR subunit loss in the cortex 
and hippocampus was also reported to be related to AD pathology [18]. 

The findings of AD-related alterations in GABAergic 
neurotransmission are inconsistent in both humans and animal 
models [19]. In the early stages of AD, the hippocampal GABAergic 
system was suggested to be relatively resistant to AD pathology 
compared with glutamatergic neurons [7]. 

It was recently reported that down-regulation of Glutamic Acid 
Decarboxylase (GAD) 67, an enzyme that synthesizes GABA, was more 
severe than previously thought in AD patients [20,7]. Researchers 
found that distinct parts of GABAR subunits reduced in their 
expression in the AD hippocampus [7]. Additionally, postmortem 
studies suggested that GABAAR expression was decreased in cortical 
areas of AD patients [21,22]. Loss of functional GABAARs in the AD 
brain was also observed [23]. 

These data suggest that both cholinergic and GABAergic systems 
are substantially affected, at least in the later stages of AD. 

Neuron transplantation in AD models 

Researchers have transplanted various stem/progenitor 
cells, such as mouse [24-31] and human [32-36] neural stem/ 
progenitor cells, mouse [37-41] and human [42,43] mesenchymal 
stem/progenitor cells, Embryonic Stem (ES) cell-derived neural 
cells [44,45], iPS cell-derived neuronal [2,44,3] and myeloid [46] 
cells, and umbilical cord stem cells [47] into AD models. The cell 
transplantations significantly improved cognitive functions. 

In histopathological analyses, the transplanted cells promoted 
the formation of synapses [24-27,33-35,29] and decreased amyloid- 
beta burden [42,24,44,25,47,27,34,39,40,29,41]. 

The cells were transplanted into the hippocampus and/or 
ventricle(s) of model mice mainly with the use of needle puncture. 
The grafted neural cells showed wide variation in their distribution, 
probably due to differences in the characteristics of the grafts, the 
transplantation procedures, and the observation periods. When the 
grafts were injected into ventricles, grafted cells were distributed 
widely around the ventricles [34] and whole brain [32,37], 
approximately 1 - 2 months after the transplantation. 

In other experiments, cells transplanted into the hippocampus 
remained in close proximity to the grafted sites for 2 - 9 months 
[44,29,36] and cell numbers gradually decreased [29,36,43]. 

The transplanted neural stem/progenitor cells tended to migrate 
further than mesenchymal stem cells, from the hippocampus to 
the cortex [24-26,33,3,31]. After the migration, the neural cells 
differentiated into mature neurons [31-34,2,25,3,26], astrocytes [24- 


26,33,34,31], and oligodendrocytes [24,34,31]. 

Generation of basal forebrain cholinergic neural cells from 
human ES cells has been reported[45]. Yue et al. transplanted these 
neurons into the basal forebrain of AD model mice, and cognitive 
dysfunction was significantly improved. The neural progenitor 
cells migrated along cholinergic projection track from the nucleus 
basalis of Mynert towards the cortex and hippocampus. The synaptic 
formation between host neurons and grafted cells suggested that 
ES cell-derived neurons were successfully incorporated into the 
endogenous cholinergic projection system. 

Of note is that the grafted mouse neural stem cells differentiated 
into cholinergic neurons and exhibited similar positive effects 
on ACh concentrations in the brain and cognitive functions in 
AD model mice [26]. ChAT overexpressing neural stem cells [32] 
significantly shortened the escape latency of the Morris water maze 
test after transplantation, suggesting that oversupply of cholinergic 
neurotransmitters improved cognitive function of AD models. 

Collectively, the transplantation into basal forebrain restored the 
cholinergic projection system and cognitive function in AD rodent 
models. 

Functional study of learning capability and histological 
analyses of mice grafted with hiPS cell-derived 
neuronal stem/progenitors 

PDAPP transgenic mice, which overexpress mutated human APP 
(APPV717F)[48], display progressive synaptic loss [49], reduction 
in the size of the hippocampus, and spatial memory dysfunction 
starting from a few months of age [50,51]. Furthermore, PDAPP mice 
have been shown to have reduced levels of hippocampal Ach[52]. 

Mice were left on the platform for 30 seconds before the next 
trial was started. For all tested mice, we calculated the average value 
of the latency from the four trials performed on each trial day, and we 
showed this value as the mean escape latency. 

We found that neural cell transplantation improved cognitive 
functions (as shorter mean escape latency) of dementia mice (Figure 
1A). Figure IB depicted tracing of the mouse swimming path. Indeed, 
total swimming time until reaching to the platform of the grafted 
mice was clearly shortened. 

Histological analysis disclosed that ChAT+ neurons distributed 
throughout the overlying cerebral cortex around the injection site 
(Figure 2). ChAT+ neurons composed a quarter of the nucleated 
cells, of which were half human neurons, and the remaining half 
were mouse neurons. In the cortex of the grafted mice, half of the 
nucleated cells were alpha7 nAChR+ neurons. It was surprising 
that the distribution of cholinergic neurons and GABAergic neurons 
was clearly and consistently different from each other after the 
transplantation. We suggested that cortex-locating grafts may 
compensate for the depletion of Ach in the cortex, which was caused 
by the basal forebrain Ch4 projection loss [3]. 

In the hippocampus, ChAT+ neurons were located around the 
injection site in the DG. In the hippocampus, one third of the nucleated 
cells were alpha7 nAChR+ neurons. A substantial numbers of mouse 
ChAT+ neurons and mouse alpha7 nAChR-expressing cells were 
observed in the grafted mouse hippocampus. Thus, it was possible 
that hiPS cell-derived neurons altered the differentiation of mouse 
neural stem/progenitor cells, increasing ChAT+ neurons and alpha7 
nAChR expressing cells in the grafted mice. These ChAT+ neurons 
emerged after neuronal cell transplantation in both the cortex and 
hippocampus, and may contribute to the functional recovery of 
PDAPP mice. However, detailed analyses of the grafted mice with 
regard to their ChAT+ and receptor expressing neurons, especially 
neuronal circuits reconstituted by the grafts, are yet to be performed. 

As mentioned previously, AD findings in the human GABAergic 
system were inconsistent, but GABAergic interneuron loss was 
obvious in several AD models [53]. Impaired GABA functions were 
observed in PDAPP mice [54], tau protein transgenic mice [55], 
and apolipoprotein (apo) E4 knock-in/APP mice [56]. These mice 
exhibited defective hippocampal functions including GABAergic 
neuronal loss and/or dysfunction and memory deficits. 
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Figure 1: Transplantation of the neural stem/progenitor cells restored spatial memory learning in dementia model mice. 

A. Hidden test was conducted for 4 consecutive days after visible test. Twenty-two days after neural cell transplantation, the grafted mouse 
showed shortening of mean platform escape latency. The improvement has become more evident 45 days after the transplantation. 

B. Tracing of the swimming path of a representative mouse after neural stem/progenitor cell transplantation. The mouse swimming path 
was captured by CCD camera and analyzed. Total swimming time until reaching to the target platform of the grafted mice was clearly 
shortened after 22 days. The improvement has become more evident 45 days after the transplantation. 


Carrying the epsilon4 allele of the apoE4 gene was a strong risk 
factor of AD for humans [57], and apoE4 directly impaired GABAergic 
inhibitory neuron function [58]. GABAergic interneuron progenitors 
transplanted into the hippocampal hilus were functionally integrated 
into the host hippocampus and improved learning and memory 
function in apoE4 knock-in/APP mice [44]. Thus, alteration in the 
inhibitory/excitatory balance may underlie the symptomatic changes 
in patients with AD [59]. 

Several reports supported the concept that reduction of inhibitory 
GABAergic synapses was associated with the pathogenesis of AD [60]. 
Nonetheless, we have to be careful to understand the importance 
of GABA production in patients with AD. Excessive production of 
GABA by glial cells may have important roles for the development of 
neuro-inflammation, leading to neuronal cell death [61,62]. We, and 
others, focused on GABA-producing neurons and GABAR-expressing 
neurons. These differences may contribute to differences in the role 
of GABA in the pathogenesis of patients with AD. 

We observed that the majority of VGAT-expressing cells were 
located around the grafted area in the hippocampus, where defective 
GABAergic neuronal functions were reported in the dementia model 
mice [63-65]. With our transplantation protocol, in order to aid re¬ 
connection with a shorter distance by axons of the graft between 
CA1/CA3 and DG of host, we put the cells at the hilus of the DG of 
the bilateral hippocampi [66]. Thereafter, we found that VGAT+ and 
GABAR+ neurons were distributed in the hippocampus, especially in 


the hilus of the DG (Figure 2,3). 

VGAT expressing cells composed 10% of the nucleated cells in the 
hippocampus, and more than 30% of the VGAT positive neurons were 
human neurons in the hippocampus of the grafted mice. GABAAR+ 
neurons composed 2.3% of the nucleated cells in hippocampus. In 
the hippocampus, more than 80% of GABAR expressing neurons 
were mouse cells. 

Taking into account of the fact that the grafts were persistently 
located near the hilus of the DG, possible mechanisms of restoration 
of hippocampal cognitive functions by neuronal cell transplantation 
included: 

#1 VGAT+ cells extend their axons both to the pyramidal cell layer 
(or at least molecular layer) and the granule cell layer to bring 
about re-connection of their neuronal pathways (Figure 5C) [67, 
unpublished observation]. 

#2 Synaptic spillover of GABA may act on GABAR expressing cells and 
inhibit protein-mediated apoptotic neuronal cell death (Figure 
5D) [54,68-71]. 

Indeed, our preliminary experiments suggested the re-connection 
by the grafted VGAT positive cells with cells in the granule cell layer 
and cells in the pyramidal cell layer occurs either directly or indirectly 
[72]. Thus, phasic inhibition of the connection among grafts and 
host neurons may play a crucial role in the behavioral improvement 
of neuron transplanted PDAPP mice. This hypothesis is consistent 
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Figure 2: Distribution of human neurons after transplantation 
of hiPS cell-derived neuronal cells in the AD model mice. The 
neuronal cells were initially grafted at the hilus of the DG in the 
mice. A couple of months later, the grafts migrated and were 
distributed as shown below. 

A. Immunohistochemical staining of the hippocampus grafted with 
hiPS cell-derived neurons. Human cells were detected by anti¬ 
human nuclear protein antibody (hNuc; red). GABA producing 
cells were detected by anti-VGAT antibody (green). The cells were 
counterstained with DAPI (blue). 

B. Distribution of hiPS cell-derived neurons after transplantation. 
Human cholinergic neurons (red) located throughout the cortex 
and the CA3 and CA1 of hippocampus. GABAergic neurons (green) 
located predominantly within the hippocampus, especially near 
the interface of the DG and CA3. The distribution of both cell types 
was clearly different from each other after the transplantation. A 
white rectangle in the cortex indicates the proposed area of the 
posterior parietal cortex, which plays a role in spatial navigation 
in rodents [84]. 


with the data of an association between the long-term potential 
impairment and increased tonic inhibition of GABA in hippocampal 
neurons of AD model mice [62,73-76]. Possible histological 
restoration by hiPS cell-derived neuronal cell transplantation into 
the PDAPP mouse hippocampus is shown in Figure 3B and 4, where 
inhibitory output provided by the hiPS derived GABAergic neurons 
may restore the alterations in the inhibitory/excitatory balance. 

We are currently investigating the possibility shown in Figure 5, 
where Gutierrez suggested a possible role of CA3 interneurons in the 
granule cell-CA3 pyramidal cell connection [77]. 

In panel A, granule cells of the DG excite pyramidal cells, through 
giant boutons. The granule cells excite CA3 interneurons to release 
GABA, inhibit pyramidal cells, and sustain feed-forward inhibition, 
through boutons en passant and filopodial extensions. 

In panel C, an inhibitory response in pyramidal cells to mossy 
fiber stimulation is due to the activation of interneurons. 

We agree with his proposal and taking his proposal into account, 
we think that our VGAT + cells substituted the role of CA3 interneurons 
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Figure 3: Possible mechanisms of GABAergic inhibitory 
neuron-induced beneficial effects on neuronal networks of the 
hippocampus in dementia model mice. 

The grafts were initially put on hilus of the DG. 

A. A schematic representation of VGAT/GABAR-expressing host 

cells in the hippocampus of normal mice. 

B. A schematic representation of VGAT/GABAR-expressing host 

cells in the hippocampus of aged PDAPP mice. VGAT+ and 
GABAR+ cells decreased in number, especially in CA1 and 
DG subfields. 

C. A schematic representation of host and human VGAT/GABAR- 

expressing cells in the hippocampus of neuron-transplanted 
PDAPP mice. VGAT+ cells extend their axons both to the 
pyramidal cell layer (or at least the molecular layer) and 
the granule cell layer, to bring about re-connection of their 
neuronal pathways [Suzuki et al., unpublished observation]. 

D. A schematic representation of amyloid-beta protein deposits 

in the hippocampus of PDAPP mice. Synaptic spillover 
of GABA may act on GABAR-expressing cells and inhibit 
protein-mediated apoptotic neuronal cell death. 


lost possibly by apoptosis in dementia mice (neurons colored in 
green in panels B and D). Our preliminary observation suggested that 
hiPS derived VGAT+ neurons acted on pyramidal cells located in the 
CA1 and CA3 (panels B and/or D). 

Thus, it is possible that our neuronal cell transplantation, which 
supplemented GABA+/ GABAAR+ cells in the hippocampus, restored 
impaired GABA/GABAAR circuits in the hippocampus of the PDAPP 
mice, leading to the restoration of their defective cognitive functions. 

In support of our findings, the importance of GABA/ 
GABAAR circuits was also revealed by administrations of GABA/ 
GABAAR modulators. NMZ, a positive allosteric modulator of 
GABAA function, which potentiates the function of the inhibitory 
neurotransmitter GABA in the brain [77], attenuated the glutamate- 
induced excitotoxic cascade leading to the inhibition of mitochondrial 
damage and neuronal loss [78-80]. 

Selective pharmacological activation of GABAA receptors has been 
shown to provide neuroprotection against amyloid-beta mediated 
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Figure 4: Possible neuronal re-connection by hiPS-derived neuronal 
transplantation (A part of the figure in “The synaptic organization 
of the Brain, ED. Gordon M, Shepherd, Oxford University Press 
(2003)“ is modified). 

A. Unique unidirectional progression of excitatory pathways 
(arrows) links each region in the hippocampal formation of 
normal mice. 

B. Several neural pathways are suggested to be preferentially 
affected in the hippocampal formation of AD model mice 
(dashed lines) [85]. Red lines indicate possible inhibitory 
output by the VGAT+ hiPS cell-derived neurons. 

EC, Entorhinal Cortex; DG, Dentate Gyrus; CA, Cornu Ammoni 


A Dentate gyrus 

granule cell 1 


CA3 B Dentate gyrus 

glam MF bouton 


Pyramidal cell layer 
giant MF bouton 


F bouton gran giant MF bouton 

^ mossy fibers 

(1^ boutons en passant 

Nopodial 


CA3 pyramidal cell 1 


C Dentate gyrus 

granule cell 2 


CA3 D Dentate gyrus 

granule cell 2 


Pyramidal cell layer 


if “"Vtf 


CA3 pyramidal c«l 2 


Figure 5: Possible role of hiPS cell-derived GABAergic neurons 
in the grafted dementia model mice. Activation signals mediated 
by glutamatergic neurons may be controlled by the hiPS derived 
neurons (shown in green), thus, they may substitute for the CA3 
interneurons lost in dementia model mice (Parts of the figure in 
[77] are modified). 

A. The granule cells of the DG excite pyramidal cells, through 
giant MF (mossy fiber) boutons. The granule cells excite CA3 
interneurons to release GABA, inhibit CA3 pyramidal cells, and 
sustain feed-forward inhibition, through boutons en passant 
and filopodial extensions. 

B. The granule cells of the DG excite pyramidal cells through giant 

MF boutons. The granule cells excite the hiPS cell-derived 
GABA interneuron to release GABA, inhibit pyramidal cells, 
and sustain feed-forward inhibition, through boutons en 
passant and filopodial extensions. 

C. An inhibitory response in CA3 pyramidal cells after mossy fiber 

stimulation due to activation of CA3 interneurons. 

D. An inhibitory response in pyramidal cells after mossy fiber 

stimulation due to activation of hiPS cell-derived GABA 
interneurons. 


toxicity, likely through the arrangement of the protein cleavage 
process [69]. In vitro, chronic activation of GABAA receptor agonists 
protected cultured neurons against the neurotoxicity of amyloid-beta 
[81]. However, treatment with picrotoxin, a GABAAR antagonist, also 
improved the cognitive functions of adult APP/PS1 mice [82]. 


These findings suggested that phasic and synaptic signals of 
substances with precise recognition of the receptors' subunits were 
important for the improvement of AD memory loss. 

However, glial production of GABA, possibly by inflammatory 
responses, may have other implications for the AD pathogenesis [83]. 
Further studies are needed to clarify this. 

Thus, the interaction between GABA, secreted predominantly 
by the grafted neurons, and receptor (GABAR) expressing grafted 
neurons and host neurons, may underlie the improvement of memory 
performance in the PDAPP mice that have undergone transplantation. 

Conclusions 

Transplantation of hiPS cell-derived neurons is a promising 
candidate for the treatment of advanced AD. The graft's autonomous 
effects on the regeneration of damaged neuronal circuits, possibly 
involving ACh and GABA are attractive mechanisms for clinical 
application. Further studies are needed to confirm the roles of ChAT- 
positive cells and VGAT-positive cells in functional recovery before 
conducting clinical application in patients with AD. 

Acknowledgement 

This study was partly supported by Grants-in-Aid for Scientific 
Research of Japan Society for the Promotion of Science. The funders 
had no role in study design, data collection and analysis, decision to 
publish, or preparation of the manuscript. 

References 

1. Mandai M, Watanabe A, Kurimoto Y, Hirami Y, Morinaga C, et al. 
Autologous induced stem-cell-derived retinal cells for macular 
degeneration. N Engl J Med.2017 Mar;376(ll):1038-1046. 

2. Fujiwara N, Shimizu J, Takai K, Arimitsu N, Saito A, et al. Restoration 
of spatial memory dysfunction of human APP transgenic mice by 
transplantation of neuronal precursors derived from human iPS 
cells. Neurosci Lett. 2013 Oct;557:129-134. 

3. Fujiwara N, Shimizu J, Takai K, Arimitsu N, Ueda Y, et al. Cellular 
and molecular mechanisms of the restoration of human APP 
transgenic mouse cognitive dysfunction after transplant of human 
iPS cell-derived neural cells. Exp Neurol. 2015 Sep;271:423-431. 

4. Davis KL,Mohs RC, Marin D, Purohit DP, Perl DP, et al. Cholinergic 
markers in elderly patients with early signs of Alzheimer disease. 
JAMA . 1999 Apr;281 (15): 1401-1406. 

5. Schliebs R, Arendt T. The cholinergic system in aging and neuronal 
degeneration. Behav Brain Res. 2011 Aug;221(2):555-563. 

6. Echeverria V, Yarkov A, Aliev G .Positive modulators of the alpha7 
nicotinic receptor against neuroinflammation and cognitive 
impairment in Alzheimer's disease. Prog Neurobiol. 2016 
Sep;144:142-157. 

7. Rissman RA, Mobley WC. Implications for treatment: GABAA 
receptors in aging, Down syndrome and Alzheimer's disease. J 
Neurochem. 2011 May;117(4):613-622. 

8. Mesulam MM,Mufson EJ, Levey Al, Wainer BH. Cholinergic 
innervation of cortex by the basal forebrain: cytochemistry and 
cortical connections of the septal area, diagonal band nuclei, 
nucleus basalis (substantiainnominata), and hypothalamus in the 
rhesus monkey. J Comp Neurol. 1983 Feb;214:170-197. 

9. Liu Z, Wang C, Wang X, Xu S. Therapeutic Effects of Transplantation 
of As-MiR-937-Expressing Mesenchymal Stem Cells in Murine 
Model of Alzheimer's Disease. Cell Physiol Biochem. 2015;37:321- 
330. 

10. Mufson EJ, Bothwell M, Kordower JH. Loss of nerve growth 
factor receptor-containing neurons in Alzheimer's disease: a 
quantitative analysis across subregions of the basal forebrain. 
Exp Neurol. 1989;105(3):221-232. 

11. Fujishiro H, Umegaki H, Isojima D, Akatsu H, Iguchi A, et al. 
Depletion of cholinergic neurons in the nucleus of the medial 
septum and the vertical limb of the diagonal band in dementia 
with Lewy bodies. Acta Neuropathol. 2006 Feb;lll(2):109-114. 


J Neurosci Neurosurg 


Volume: 1.2 


5/8 

















































Journal Home: https://www.boffinaccess.com/journals/journal-neuroscience-neurosurgery/index.php 


BoPfin Access 


12. Ransmayr G, Cervera P, Hirsch E, Ruberg M, Hersh LB, etal. Choline 
acetyltransferase-like immunoreactivity in the hippocampal 
formation of control subjects and patients with Alzheimer's 
disease. Neuroscience. 1989;32(3):701-714. 

13. Miyamoto M, Kato J, Narumi S, Nagaoka A. Characteristics of 
memory impairment following lesioning of the basal forebrain 
and medial septal nucleus in rat. Brain Res. 1987;419:19-31. 

14. Freedman R, Wetmore C, Stromberg I, Leonard S, Olson L. 
Alpha-bungarotoxin binding to hippocampal interneurons: 
immunocytochemical characterization and effects on growth 
factor expression. J Neurosci. 1993 May;13(5):1965-1975. 

15. Wanaverbecq N, Semyanov A, Pavlov I, Walker MC, Kullmann 
DM. Cholinergic axons modulate GABAergic signaling among 
hippocampal interneurons via postsynaptic alpha 7 nicotinic 
receptors. J Neurosci. 2007 May;27:5683-5693. 

16. West MJ, Coleman PD, Flood DG, Troncoso JC. Differences in 
the pattern of hippocampal neuronal loss in normal ageing and 
Alzheimer's disease. Lancet. 1994 Sep;344:769-772. 

17. Davies P, Maloney AJ. Selective loss of central cholinergic neurons 
in Alzheimer's disease. Lancet. 1976 Dec;2(8000):1403 

18. Court J, Martin-Ruiz C, Piggott M, Spurden D, Griffiths M, et al. 
Nicotinic receptor abnormalities in Alzheimer's disease. Biol 
Psychiatry.2001 Feb;49(3):175-184. 

19. Rissman RA, De Bias AL, Armstrong DM. GABA (A) receptors 
in aging and Alzheimer's disease. J Neurochem. 2007 
Nov; 103(4): 1285-1292. 

20. Schwab C, Yu S, Wong W, McGeer EG, McGeer PL. GAD65, GAD67, 
and GABAT immunostaining in human brain and apparent GAD65 
loss in Alzheimer's disease. J Alzheimer's Dis. 2013;33(4):1073- 
1088. 

21. Chu DC, Penney JB Jr, Young AB. Quantitative autoradiography of 
hippocampal GABAB and GABAA receptor changes in Alzheimer's 
disease. Neurosci Lett. 1987 Dec;82(3):246-252. 

22. LanctotKL, Herrmann N, Mazzotta P, Khan LR, IngberN. GABAergic 
function in Alzheimer's disease: evidence for dysfunction and 
potential as a therapeutic target for the treatment of behavioural 
and psychological symptoms of dementia. Can J Psychiatry. 2004 
Jul;49(7):439-453. 

23. Limon A, Reyes-Ruiz JM, Miledi R. Loss of functional GABA(A) 
receptors in the Alzheimer diseased brain. Proc Natl Acad Sci 
USA. 2012 Jun; 109(25): 10071-10076. 

24. Blurton-Jones M, Spencer B, Michael S, Castello NA, Agazaryan AA, 
et al. Neural stem cells genetically-modified to express neprilysin 
reduce pathology in Alzheimer transgenic models. Stem Cell Res 
Ther. 2014 5(2):46. 

25. Zhang W, Wang PJ, Sha HY, Ni J, Li MH, et al. Neural stem cell 
transplants improve cognitive function without altering amyloid 
pathology in an APP/PS1 double transgenic model of Alzheimer's 
disease. Mol Neurobiol. 2014 Oct;50(2):423-437. 

26. Gu G, Zhang W, Li M, Ni J, Wang P. Transplantation of NSC-derived 
cholinergic neuron-like cells improves cognitive function in APP/ 
PS1 transgenic mice. Neuroscience. 2015 Apr;291:81-92. 

27. Kim JA, Ha S, Shin KY, Kim S, Lee KJ, et al. Neural stem cell 
transplantation at critical period improves learning and memory 
through restoring synaptic impairment in Alzheimer's disease 
mouse model. Cell Death Dis. 2015 Jun;6:el789. 

28. Li T, Yu Y, Cai H. Effects of brain-derived neurotrophic factor- 
pretreated neuron stem cell transplantation on Alzheimer's 
disease model mice. Int J Clin Exp Med. 2015 Nov;8(ll):21947- 
21955. 

29. Rockenstein E, Desplats P, Ubhi K, Mante M, Florio J, et al. Neuro¬ 
peptide treatment with Cerebrolysin improves the survival of 
neural stem cell grafts in an APP transgenic model of Alzheimer 
disease. Stem Cell Res. 2015 Jul;15(l):54-67. 

30. Zhang W, Gu GJ, Shen X, Zhang Q, Wang GM, etal. Neural stem 


cell transplantation enhances mitochondrial biogenesis in a 
transgenic mouse model of Alzheimer's disease-like pathology. 
Neurobiol Aging. 2015 Mar; 36(3):1282-1292. 

31. Zhang Q, Wu HH, Wang Y, Gu GJ, Zhang W, et al. Neural stem cell 
transplantation decreases neuroinflammation in a transgenic 
mouse model of Alzheimer's disease. J Neurochem. 2016 
Feb;136(4):815-825. 

32. Park D, Lee HJ, Joo SS, Bae DK, Yang G, et al. Human neural 
stem cells over-expressing choline acetyltransferase restore 
cognition in rat model of cognitive dysfunction. Exp Neurol. 
2012;21(1);367-371. 

33. Ager RR, Davis JL, Agazaryan A, Benavente F, Poon WW, et al. 
Human neural stem cells improve cognition and promote synaptic 
growth in two complementary transgenic models of Alzheimer's 
disease and neuronal loss. Hippocampus. 2015 Jul;25(7):813- 
826. 

34. Lee IS, Jung K, Kim IS, Lee H, Kim M, et al. Human neural stem 
cells alleviate Alzheimer-like pathology in a mouse model. Mol 
Neurodegener. 2015 Aug;10:38. 

35. Lilja AM, Malmsten L, Rojdner J, Voytenko L, Verkhratsky A, et 
al.Neural stem cell transplant-induced effect on neurogenesis 
and cognition in Alzheimer Li Tg2576 mice is inhibited by 
concomitant treatment with amyloid-lowering or cholinergic 
alpha7 nicotinic receptor drugs. Neural Plast. 2015:370432. 

36. Me Ginley LM, Sims E, LunnJS, Kashlan ON, Chen KS. Human 
Cortical Neural Stem Cells Expressing Insulin-Like Growth 
Factor-I: A Novel Cellular Therapy for Alzheimer's Disease. Stem 
Cells Transl Med. 2016 Mar; 5(3):379-391. 

37. Garcia KO, Ornellas FL, Martin PK, Patti CL, Mello LE, et al. 
Therapeutic effects of the transplantation of VEGF overexpressing 
bone marrow mesenchymal stem cells in the hippocampus of 
murine model of Alzheimer's disease. Front Aging Neurosci. 
2014; 6:30. 

38. Yan Y, Ma T, Gong K, Ao Q, Zhang X, et al. Adipose-derived 
mesenchymal stem cell transplantation promotes adult 
neurogenesis in the brains of Alzheimer's disease mice. Neural 
Regen Res. 2014 Apr;9(8):798-805. 

39. Liu AK, Chang RC, Pearce RK, Gentleman SM (2015) Nucleus 
basalis of Meynert revisited: anatomy, history and differential 
involvement in Alzheimer's and Parkinson's disease. Acta 
Neuropathol. 2015 Apr;129(4):527-540. 

40. Oh SH, Kim HN, Park HJ, Shin JY, Lee PH. Mesenchymal stem cells 
increase hippocampal neurogenesis and neuronal differentiation 
by enhancing the Wnt signaling pathway in an Alzheimer's 
disease model. Cell Transplant. 2015;24:1097-1109. 

41. Matchynski-Franks JJ, Pappas C, Rossignol J, Reinke T, Fink K. 
Mesenchymal Stem Cells as Treatment for Behavioral Deficits 
and Neuropathology in the 5xFAD Mouse Model of Alzheimer's 
Disease. Cell Transplant. 2016 Feb;25(4):687-703. 

42. Yun HM, Kim HS, Park KR, Shin JM, Kang AR, et al. Placenta- 
derived mesenchymal stem cells improve memory dysfunction in 
an Abetal-42-infused mouse model of Alzheimer's disease. Cell 
Death Dis. 2013 Dec;4(12):e958. 

43. Ruzicka J, Kulijewicz-Nawrot M, Rodrigez-Arellano JJ, Jendelova 
P, Sykova E. Mesenchymal Stem Cells Preserve Working Memory 
in the 3xTg-AD Mouse Model of Alzheimer's Disease. Int J Mol Sci. 
2016 Feb;17(2):152. 

44. Tong LM, Djukic B, Arnold C, Gillespie AK, Yoon SY, et al. Inhibitory 
interneuron progenitor transplantation restores normal learning 
and memory in ApoE4 knock-in mice without or with Abeta 
accumulation. J Neurosci. 2014 Jul;34(29):9506-9515. 

45. Yue W, Li Y, Zhang T, Jiang M, Qian Y, et al.ESC-Derived Basal 
Forebrain Cholinergic Neurons Ameliorate The Cognitive 
Symptoms Associated with Alzheimer's Disease in Mouse Models. 
Stem Cell Reports. 2015 Oct;5(5):776-790. 

46. Takamatsu K, Ikeda T, Haruta M, Matsumura K, Ogi Y, et al. 


J Neurosci Neurosurg 


Volume: 1.2 


6/8 






Journal Home: https://www.boffinaccess.com/journals/journal-neuroscience-neurosurgery/index.php 


BoPfin Access 


Degradation of amyloid beta by human induced pluripotent stem 
cell-derived macrophages expressing Neprilysin-2. Stem Cell Res. 

2014 Nov;13(3 pt A):442-453. 

47. Banik A, Prabhakar S, Kalra J, Anand A. Effect of human umbilical 
cord blood derived lineage negative stem cells transplanted in 
amyloid-beta induced cognitive impaired mice. Behav Brain Res. 

2015 Sep;291:46-59. 

48. Games D, Adams D, Alessandrini R, Barbour R, Berthelette 
P, et al. Alzheimer-type neuropathology in transgenic mice 
overexpressing V717F beta-amyloid precursor protein. Nature. 
1995 Feb;373(6514):523-527. 

49. Mucke L, Masliah E, Yu GQ, Mallory M, Rockenstein EM, et al. 
High-level neuronal expression of Abeta 1-42 in wild-type human 
amyloid protein precursor transgenic mice: synaptotoxicity 
without plaque formation. J Neurosci. 2000 Jun;20(ll):4050- 
4058. 

50. Hsiao K, Chapman P, Nilsen S, Eckman C, Harigaya Y. Correlative 
memory deficits, Abeta elevation, and amyloid plaques in 
transgenic mice. Science. 1996 0ct;274:99-102. 

51. Dodart JC, Mathis C, Saura J, Bales KR, Paul SM. Neuroanatomical 
abnormalities in behaviorally characterized APP (V717F) 
transgenic mice. Neurobiol Dis. 2000 Apr;7(2):71-85. 

52. Bales KR, Tzavara ET, Wu S, Wade MR, Bymaster FP, et al. 
Cholinergic dysfunction in a mouse model of Alzheimer disease 
is reversed by an anti-A beta antibody. J Clin Invest. 2006 
Mar;116:825-832. 

53. Shetty AK, Bates A. Potential of GABA-ergic cell therapy for 
schizophrenia, neuropathic pain, and Alzheimer's and Parkinson's 
diseases. Brain Res. 2016 May.l638:74-87. 

54. Sun X, Meng X, Zhang J, Li Y, Wang L, et al. GABA attenuates 
amyloid toxicity by downregulating its endocytosis and improves 
cognitive impairment. J Alzheimers Dis. 2012;31(3):635-649. 

55. Levenga J, Krishnamurthy P, Rajamohamedsait H, Wong H, Franke 
TF. Tau pathology induces loss of GABAergic interneurons leading 
to altered synaptic plasticity and behavioral impairments. Acta 
Neuropathol Commun. 2013;1:34. 

56. Li G, Bien-Ly N, Andrews-Zwilling Y, Xu Q, Bernardo A, et al. 
GABAergic interneuron dysfunction impairs hippocampal 
neurogenesis in adult apolipoprotein E4 knockin mice. Cell Stem 
Cell. 2009 Dec;5(6):634-645. 

57. Bu G Apolipoprotein E and its receptors in Alzheimer's disease: 
pathways, pathogenesis and therapy. Nat Rev Neurosci. 2009 
May; 10(5) :333-344. 

58. Andrews-Zwilling Y, Bien-Ly N, Xu Q, Li G, Bernardo A, et al. 
Apolipoprotein E4 causes age- and Tau-dependent impairment of 
GABAergic interneurons, leading to learning and memory deficits 
in mice. J Neurosci. 2010 Oct;30(41):13707-13717. 

59. Oyelami T, Bondt A, den Wyngaert IV, Hoorde KV, Hoskens L. Age- 
dependent concomitant changes in synaptic dysfunction and 
GABAergic pathway in the APP/PS1 mouse model. Acta Neurobiol 
Exp (Wars). 2016;76(4):282-293. 

60. Kiss E, Gorgas K, Schlicksupp A, Gross D, Kins S. Biphasic 
Alteration of the Inhibitory Synapse Scaffold Protein Gephyrin in 
Early and Late Stages of an Alzheimer Disease Model. Am J Pathol. 

2016 Sep;186:2279-2291. 

61. Heneka MT, Carson MJ, El Khoury J, Landreth GE, Brosseron F, 
et al. Neuroinflammation in Alzheimer's disease. Lancet Neurol. 
2015 Spr;14(4):388-405. 

62. Jo S, Yarishkin 0, Hwang YJ, Chun YE, Park M, et al. GABA from 
reactive astrocytes impairs memory in mouse models of 
Alzheimer's disease. Nat Med. 2014 Aug;20(8):886-896. 

63. Li X, Wang Z, Tan L, Wang Y, Lu C, et al. Correcting miR92a-vGAT- 
Mediated GABAergic Dysfunctions Rescues Human Tau-Induced 
Anxiety in Mice.MolTher. 2017 Jan;25(l):140-152. 

64. Kaur G, Pawlik M, Gandy SE, Ehrlich ME, Smiley JF. Lysosomal 


dysfunction in the brain of a mouse model with intraneuronal 
accumulation of carboxyl terminal fragments of the amyloid 
precursor protein.Mol Psychiatry. 2017 Jul;22(7):981-989. 

65. Soler H, Dorca-Arevalo J, Gonzalez M, Rubio SE, Avila J, et al. 
The GABAergic septohippocampal connection is impaired in a 
mouse model of tauopathy. Neurobiol Aging. 2017 Jan;49:40-51. 

66. Drew LJ, Kheirbek MA, Luna VM, Denny CA, Cloidt MA, et al. 
Activation of local inhibitory circuits in the dentate gyrus by 
adult-born neurons. Hippocampus. 2016 Jun;26(6):763-778. 

67. Suzuki N, Arimitsu N, Shimizu J, Takai K, Hirotsu C, et al. Neuronal 
cell Sheet of Cortical Motor Neuron Phenotype Derived from Human 
iPSCs. Cell Transplant in press. 2017 Aug;26(8):1355-1364. 

68. Krantic S, Isorce N, Mechawar N, Davoli MA, Vignault E, et al. 
Hippocampal GABAergic neurons are susceptible to amyloid- 
beta toxicity in vitro and are decreased in number in the 
Alzheimer's disease TgCRND8 mouse model. J Alzheimers Dis. 
2012;29(2):293-308. 

69. Marcade M, Bourdin J, Loiseau N, Peillon H, Rayer A. Etazolate, 
a neuroprotective drug linking GABA(A) receptor pharmacology 
to amyloid precursor protein processing. J Neurochem. 2008 
Jul; 106(1): 392-404. 

70. Paula-Lima AC, De Felice FG, Brito-Moreira J, Ferreira ST. 
Activation of GABA (A) receptors by taurine and muscimol blocks 
the neurotoxicity of beta-amyloid in rat hippocampal and cortical 
neurons. Neuropharmacology. 2005 Dec;49(8):1140-1148 

71. Louzada PR, Paula Lima AC, Mendonca-Silva DL, Noel F, De Mello 
FG, et al. Taurine prevents the neurotoxicity of beta-amyloid 
and glutamate receptor agonists: activation of GABA receptors 
and possible implications for Alzheimer's disease and other 
neurological disorders. FASEB J. 2004 Mar;18(3):511-518. 

72. Scharfman HE. The enigmatic mossy cell of the dentate gyrus. Nat 
Rev Neurosci. 2016 Sep;17(9):562-575. 

73. Ballard TM, Knoflach F, Prinssen E, Borroni E, Vivian JA, et al. 
R04938581, a novel cognitive enhancer acting at GABAA alpha5 
subunit-containing receptors. Psychopharmacology (Berl). 2009 
Jan;202(l-3):207-23. 

74. Martin LJ, Zurek AA, Mac Donald JF, Roder JC, Jackson MF, et al. 
Alpha 5 GABAA receptor activity sets the threshold for long-term 
potentiation and constrains hippocampus-dependent memory. J 
Neurosci. 2010 Apr 14;30(15):5269-5282. 

75. Whissell PD, Eng D, Lecker I, Martin LJ, Wang DS, et al. Acutely 
increasing 6 GABA (A) receptor activity impairs memory and 
inhibits synaptic plasticity in the hippocampus. Front Neural 
Circuits. 2013 Sep;7:146. 

76. Wu Z, Guo Z, Gearing M, Chen G. Tonic inhibition in dentate gyrus 
impairs long-term potentiation and memory in an Alzheimer's 
[corrected] disease model. Nat Commun. 2014 Jun;5:4159. 

77. Gutierrez R. The plastic neurotransmitter phenotype of the 
hippocampal granule cells and of the moss in their messy fibers. J 
Chem Neuroanat. 2016 Apr;73:9-20. 

78. Luo J, Lee SH, VandeVrede L, Qin Z, Piyankarage S, et al. Re¬ 
engineering a neuroprotective, clinical drug as a procognitive 
agent with high in vivo potency and with GABAA potentiating 
activity for use in dementia. BMC Neurosci. 2015 Oct 19;16:67. 

79. Lyden P, Wahlgren NG. Mechanisms of action of neuroprotectants 
in stroke. J Stroke Cerebrovasc Dis. 2000 Nov;9(6 Pt 2):9-14. 

80. Vandevrede L, Tavassoli E, Luo J, Qin Z, Yue L, et al. Novel 
analogues of chlormethiazole are neuroprotective in four cellular 
models of neurodegeneration by a mechanism with variable 
dependence on GABA (A) receptor potentiation. Br J Pharmacol. 
2014 Jan;171(l):389-402. 

81. Lee BY, Ban JY, Seong YH. Chronic stimulation of GABAA receptor 
with muscimol reduces amyloid beta protein (25-35)-induced 
neurotoxicity in cultured rat cortical cells. Neurosci Res. 2005 
Aug;52(4):347-356. 


J Neurosci Neurosurg 


Volume: 1.2 


7/8 






Journal Home: https://www.boffinaccess.com/journals/journal-neuroscience-neurosurgery/index.php 


BoPfin Access 


82. Yoshiike Y, Kimura X Yamashita S, Furudate H, Mizoroki X et al. 
GABA (A) receptor-mediated acceleration of aging-associated 
memory decline in APP/PS1 mice and its pharmacological 
treatment by picrotoxin. PLoS One. 2008 Aug 21;3(8):e3029. 

83. Mitew S, Kirkcaldie MT, Dickson TC, Vickers JC. Altered synapses 
and gliotransmission in Alzheimer's disease and AD model mice. 
Neurobiol Aging. 2013 Oct;34(10):2341-2351. 


84. Whitlock JR, Sutherland RJ, Witter MP, Moser MB, Moser El. 
Navigating from hippocampus to parietal cortex. ProcNatlAcadSci 
USA. 2008 Sep 30;105(39):14755-62. 

85. Yang Q, Song D, Qing H. Neural changes in Alzheimer's disease 
from circuit to molecule: Perspective of optogenetics. Neurosci 
Biobehav Rev. 2017 Aug;79:110-118. 


J Neurosci Neurosurg 


Volume: 1.2 


8/8 






